Treatment with percutaneous coronary intervention (PCI) aims to provide sustained relief of coronary ischemia and angina. As an invasive strategy, it is associated with risks during and after the procedure. Periprocedural risks have decreased over time despite treatment of patients with more complex lesions (1) . Within the first year of treatment, recurrent angina related to progressive renarrowing of the treated arterial segment is predictable according to stent and patient characteristics and might be prevented by elution of medications from stents that suppress neointimal hyperplasia. Thrombotic occlusion or stent thrombosis, however, is a rare but potentially fatal event that is less well characterized in terms of absolute and relative risks over time.
Despite the dramatic early efficacy of drug-eluting stents (DES) in reducing restenosis compared with bare-metal stents (BMS) (2, 3) , there is concern that DES might lead to higher rates of stent thrombosis-particularly beyond the first year after implantation (4) . Although restenosis might be associated with unstable angina and myocardial infarction (MI), its more common clinical manifestation is pro-
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gressive angina (5) . In contrast, stent thrombosis is usually associated with ST-segment elevation MI and high mortality (6 -9) . Therefore, the consequences of restenosis and thrombosis are difficult to compare. Furthermore, the incremental risk of late stent thrombosis in DES versus BMS is not known with certainty; randomized trials to date have been limited in their power to detect rare and late events (10) , and observational studies have been limited by selection and ascertainment bias (11) . Even large meta-analyses of broader randomized trial data have yet to resolve this uncertainty and suggest that DES might be associated with a 2-to 4-fold increased risk of very late thrombotic events (12) .
Decision analysis is a tool for combining data from multiple sources that can be useful in guiding complex medical decisions, particularly when there is uncertainty regarding 1 or more key parameters. The precise differences in the risk of stent thrombosis between DES and BMS are not known but have important implications for patient care. Understanding the trade-off that might exist between restenosis prevention and avoidance of stent thrombosis would provide the context for the extended follow-up of existing DES as well as guidance regarding reasonable margins of safety for the development of new stents. Therefore, we sought to define what incremental risk of stent thrombosis in DES would outweigh the benefits of restenosis prevention.
Methods
We developed a decision analytic Markov model comparing 2 common strategies in PCI: stenting with DES versus stenting with BMS. A Markov model simulates transitions between distinct health states that would occur over a lifetime in a cohort of patients undergoing a selected treatment strategy (13) . Procedure-related morbidity and mortality data derived from published reports were used to derive the model probabilities, and the outcome from each strategy was quantified in terms of quality-adjusted life years (QALYs). On the basis of this model, we sought to identify the threshold risk of very late stent thrombosis (VLST) above which the strategy of DES use was no longer superior. Patient population. Our model was designed to be applied to a typical U.S. patient requiring and undergoing PCI amenable to either BMS or DES. Where possible, the characteristics of the patient population were chosen to match those of contemporary population-based PCI registries. Decision model structure. A decision analytical Markov model was constructed covering the possible outcomes for a patient over a lifetime after the index procedure. The first year of the model was divided into 3 distinct periods: 0 to 30 days after the index procedure, 30 days to 6 months, and 6 months to 1 year. After the first year, subsequent health states in the Markov model were based on a cycle length of 1 year. These periods were chosen to correspond to the known biology of restenosis and thrombosis after stent implantation. Stent thrombosis was considered "early" during the first 30 days after implantation, "late" between 1 month and 1 year, and "very late" beyond 1 year, for consistency with recently developed terminology by the Academic Research Consortium (ARC) (14) . Figure 1A depicts the initial treatment strategy (DES vs. BMS) and the immediate and 30-day outcomes of the chosen procedure in the form of a decision tree. During the initial 30-day follow-up period, patients could experience noncardiac death or cardiac death unrelated to stent thrombosis. In the absence of these events, patients were at risk for stent thrombosis. All patients with stent thrombosis were assumed to either die or suffer a nonfatal MI (6) . Survivors of stent thrombosis were assumed to undergo target vessel revascularization (TVR) with a variety of possible strategies, including conventional balloon angioplasty (percutaneous transluminal coronary angioplasty [PTCA]), stenting with DES or BMS, or coronary artery bypass graft surgery (CABG). Patients were not considered at risk for restenosis within the first month, consistent with known biology.
During the ensuing 11 months, survivors of the first 30 days after the index procedure were at risk of clinically significant restenosis and stent thrombosis in addition to background risks of noncardiac and cardiac mortality. The basic structures of the sub-trees for the periods from 1 to 6 months and from 6 to 12 months were identical (Fig. 1B) , but with differing probability estimates. Patients who experienced late stent thrombosis could either die or suffer a nonfatal MI. For simplicity, all patients with clinical restenosis were assumed to undergo TVR and were at risk for nonfatal MI (both at the time of presentation and as complication of the procedure) as well as procedure-related mortality. The options for TVR for clinical restenosis included PTCA and repeat stenting with either DES or BMS in both arms of the model with subsequent risk of procedure-related mortality and CABG. Because brachytherapy is no longer generally available in the U.S., it was not included as a treatment strategy in our model. Nonfatal MI in the absence of restenosis and stent thrombosis was also modeled. Patients who survived months 1 to 6 (with or without restenosis) were at risk for the same events during months 6 to 12 (with different probabilities). We assumed that patients could experience up to a maximum of 3 episodes of stent thrombosis (1/distinct model period) and 2 episodes of clinical restenosis within the first year after the index procedure.
The Markov model that describes potential health states and transitions beyond the first year after PCI is depicted in Figure  1C . The specific health states that we considered included: 1) survivors without TVR; 2) survivors after TVR; 3) post-CABG survivors; 4) survivors beyond the interval of risk for VLST; and 5) death. Each of the first 4 health states was further stratified according to the presence or absence of prior MI (not shown in the figure) . Because most studies indicate that the absolute difference in TVR between DES and BMS observed at 1 year is maintained over the next 3 to 4 years (15), we assumed that clinically significant restenosis and TVR would occur only during the first year after the index procedure. During each cycle, patients in the first 2 health states were at risk for VLST. Patients in each of the health states were at risk for additional cardiac events, including cardiac death (unrelated to stent thrombosis) as well as noncardiac death. Data sources for decision model. Probabilities of procedural success and complications after stenting were derived from a review of the published medical reports as well as unpublished data presented at scientific meetings. Details of these data sources are provided in the Online Appendix and are summarized in Tables 1 to 3 (16 -38) . To accurately reflect the contemporary real-world clinical experience with coronary stenting, whenever possible, absolute event rates were derived from registry data that describe the "realworld" outcomes of nonemergent PCI in the U.S. population, whereas randomized controlled trial data were used preferentially to obtain unbiased estimates of the relative risks of specific outcomes between the DES and BMS strategies and also as a source of absolute event rates where registry data were lacking. Estimates of risk for the 2 approved DES (Cypher, Cordis Corp., Miami Lakes, Florida, and TAXUS, Boston Scientific, Natick, Massachusetts) and all BMS were pooled. Pooled estimates across publications were calculated with inverse variance weighting. Stent thrombosis estimates. We assumed the identical probability of early (Ͻ30 days) and late stent thrombosis (30 days to 1 year) for the 2 treatments, because there is no evidence of difference in stent thrombosis rates at 30 days or at 1 year in the randomized trials (10, 15) , and examined a range of risks of VLST (Ͼ1 year) from the published reports. For our primary analysis, we used values derived from a pooled analysis of the long-term (4 year) results of the pivotal randomized controlled trials comparing DES with BMS with the ARC definitions (10) . These studies did not demonstrate a statistically significant excess of definite or probable VLST in DES over BMS, but the absolute difference over 2 to 4 years was 0.39% (DES 0.90% vs. BMS 0.51%). Therefore, we evaluated 2 possible baseline sets of assumptions: 1) that the incidence of VLST was identical for the 2 stent types (0.22% annually; Scenario A); or 2) that the incremental risk of VLST for DES versus BMS was 0.13%/year for DES (i.e., absolute risk of 0.30%/year for DES vs. 0.17% for BMS; Scenario B). In either scenario, the risk of VLST was assumed to persist through 4 years after initial treatment. These assumptions were varied extensively in sensitivity analyses. Further details and explanation of the data sources are provided in the Online Appendix. Quality-of-life adjustments. The outcomes of each treatment strategy were quantified in terms of quality-adjusted life years (QALYs) over a patient's lifetime, as noted previously. In this context, 1 year of life without angina, revascularization, or hospital stay was assumed to be a year of perfect health and was assigned a value of 1.0 QALY. Data on utilities and QALYs for patients with coronary artery disease undergoing revascularization were obtained from a previous study (Stent-PAMI [Stent-Primary An- gioplasty in Myocardial Infarction]), in which the Euro-QOL health status instrument was used to assess utilities for 771 PCI patients during the year after initial treatment (35, 36, 39) . In that study, the mean quality-adjusted life expectancies (QALEs) for patients with and without repeat revascularization during the first year of follow-up were 0.79 and 0.85, respectively (p Ͻ 0.001). The difference between these values was assumed to represent the mean disutility associated with revascularization, which was applied only during the year in which the revascularization actually occurred. Studies have previously demonstrated that, by 12 months, there is virtually no quality-of-life difference between patients with and without repeat revascularization (35) . We assumed that MI (regardless of the underlying cause) would decrease both long-term survival and quality of life beyond the first year of follow-up but that revascularization would not, because previous studies have not shown a consistent association between coronary restenosis and long-term mortality (40) . We also adjusted quality-of-life measurements to account for the shortterm morbidity of nonfatal MI and CABG by basing these adjustments on the estimated duration of hospital stay and recuperation from such an event (37, 38) . Details Baseline Probability Estimates Table 1 Baseline Probability Estimates 
Analytic method and sensitivity analysis. For each of the 2 strategies we calculated QALE and considered the strategy associated with a higher value to be preferred. Because our model was based on a number of assumptions, we performed 1-way and multi-way deterministic sensitivity analyses to examine whether and how plausible variations in these assumptions and risks (in particular, the probability of VLST) would alter our findings. We also performed probabilistic sensitivity analysis in which we allowed each of the key variables of the model to vary simultaneously according to its underlying distribution; in general, these distributions were based on the log-normal or beta distribution and were derived by iterative fitting on the basis of published data (where available) or plausible ranges where not published (see Online Appendix). The Markov model was designed and all analyses were performed with TreeAge Pro Suite 2007 software package (TreeAge Software, Inc., Williamstown, Massachusetts).
Results

QALE of DES and BMS strategies.
The modelpredicted QALE for a typical 62-year-old patient undergoing PCI was 16.262 years after DES treatment and 16.248 years after BMS treatment under the assumption of no difference in VLST risk (Scenario A). Thus, for a prototypical PCI patient, stenting with DES would be preferred over BMS with a small net gain in QALE. However, the QALE for the 2 treatments were virtually identical under the assumption of 0.13% difference in VLST risk (Scenario B; DES 16.254 vs. BMS 16.253 QALYs). The predicted numbers of events/10,000 patients according to treatment strategy are shown in Table   4 . Under the assumption of 0.13%/year difference in VLST rates between DES and BMS (Scenario B), there were 37 additional episodes of VLST resulting in 7 deaths in DES compared with 890 additional episodes of TVR in BMS. At 4 years, there were 6 additional deaths in DES, largely due to stent thrombosis. VLST risk threshold for drug-eluting stenting strategy. Figure 2 demonstrates the effect of varying risks of VLST on the gain in QALE with DES versus BMS. As the risk of VLST increased, the gain in QALE with DES implantation decreased. When the absolute excess risk of VLST in DES exceeded 0.14%/year (over 4 years of follow-up), BMS implantation became the preferred treatment strategy. Given that the duration of the risk of stent thrombosis is also currently uncertain, we explored this threshold risk as a function of time (Fig. 3) . The annual excess risk for VLST in DES that would be acceptable decreased as the duration of the risk period was increased, as expected. For example, if the excess risk of VLST were to persist for 5 years after PCI, the maximum excess risk above which BMS would be the preferred strategy was 0.11%/year; if the risk were to persist for 10 years, the threshold would fall to 0.05%/year. Sensitivity analyses. Figure 4 shows the impact of other key model parameters on the estimated threshold of excess late stent thrombosis risk above which DES would no longer be preferred. The most influential parameters were the stent thrombosis case fatality rate, the magnitude of differences in clinical restenosis and VLST rates, and the net disutility associated with clinical restenosis. The threshold risk of late stent thrombosis was insensitive to plausible variations in most other model parameters. In 2-way sensitivity analyses, we explored the effect of varying the baseline BMS target vessel revascularization Baseline Relative Risks RR ϭ relative risk; other abbreviations as in Table 1 . rate on the threshold excess risk of DES thrombosis. As the baseline risk of TVR increased, the annual probability of VLST above which DES would no longer be the preferred revascularization strategy increased (Fig. 5) . For example, if the BMS TVR rate was 20% (as compared with the average population rate of 14%), then the maximum tolerable risk of VLST in DES increased to 0.20%/year over 4 years of follow-up. Because DES might vary in the degree of suppression of neointimal hyperplasia and restenosis, we performed a sensitivity analysis to explore the effect of varying the relative risk reduction in TVR rate with DES as compared with BMS. Not surprisingly, we found that as the relative efficacy of a DES decreased, the threshold incremental VLST risk decreased (Fig. 6 ). For example, if the relative risk reduction in TVR with DES decreased to 50% (compared with our baseline estimate of 65%), the maximum tolerable rate of excess VLST decreased to 0.11%/year over 4 years of follow-up.
Quality of Life Adjustments
Because individual patients might differ in their willingness to tolerate recurrent anginal symptoms as well as the inconvenience and discomfort associated with additional revascularization procedures, we performed a 2-way sensitivity analysis to explore the impact of variations in the disutility associated with restenosis on the Figure 2 Threshold Analysis of the Risk of VLST in DES This graph demonstrates the predicted difference in quality-adjusted life expectancy (QALE) between drug-eluting stents (DES) and bare-metal stents (BMS) over a range of excess risk for very late stent thrombosis (VLST) with DES. At an annual risk of 0.14%/year (over 4 years), the predicted QALE was equal for the 2 strategies, and above this level of risk BMS was the optimal treatment strategy.
Figure 3 Threshold Risk of VLST in DES as a Function of Risk Duration
As the theoretical risk period for stent thrombosis was extended, the annual incremental risk of VLST in DES over BMS that preserved DES benefit decreased. Abbreviations as in Figure 2 .
Model Predicted Number of Events/10,000 Patients Number of events are over a 4-yr period unless stated otherwise. *Scenario A ϭ incidence of VLST identical for DES and BMS; †Scenario B ϭ incremental risk of VLST for DES over BMS was 0.13%/yr (i.e., absolute risk of 0.30%/yr for DES vs. 0.17% for BMS). Abbreviations as in Tables 1 and 3 .
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Balancing the Risks of Restenosis and Thrombosis optimal treatment selection (Fig. 7) . As the disutility associated with restenosis decreased, the maximum tolerable DES thrombosis risk decreased. However, even under the extreme situation of a patient who assigned no value to avoidance of restenosis (i.e., disutility ϭ 0), a small excess risk of very late thrombosis with DES would be acceptable (i.e., Ͻ0.08%/year), owing to the non-
Figure 4 1-Way Sensitivity Analyses
This graph demonstrates the relationship between plausible variations in key model parameters and predicted maximum tolerable excess risk of VLST in DES, below which DES would be preferred over BMS. The model was most sensitive to variations in the stent thrombosis case fatality rate, the relative risks of TVR and late stent thrombosis of DES versus BMS, and the disutility associated with repeat revascularization. *The higher range value of the estimate for this variable results in a smaller threshold value of the VLST in DES and vice versa. CAD ϭ coronary artery disease; QALY ϭ quality-adjusted life years; RR ϭ relative risk; other abbreviations as in Figures 1 and 2 .
Figure 5 Threshold Risk of VLST in DES as a Function of the Baseline BMS Population Risk of Restenosis
Under the base case assumptions of annual BMS TVR rate of 14%, the incremental risk of VLST in DES over 3 years was 0.14%/year, over which the preferred strategy would be BMS. As the population risk of restenosis (and TVR) increases over the expected rate of 14%, as observed in diabetic patients, small vessels, and long lesions, the annual incremental risk of VLST in DES over BMS that preserves DES benefit increased. Abbreviations as in Figures 1  and 2 . 
negligible mortality risk associated with restenosis and its subsequent treatment. Finally, we performed probabilistic sensitivity analyses by simultaneously varying all of the parameters listed in Figure 4 . Under Scenario A (equal VLST risk for DES and BMS), we found that the DES strategy was the preferred strategy over BMS in 91.1% of trial iterations with a mean life-expectancy of 16.30 QALYs in DES (95% confidence interval 14.74 to 17.72) and 16.29 QALY in BMS (95% confidence interval 14.73 to 17.71). Under Scenario B (0.13%/year excess VLST with DES), however, the DES strategy was preferred in only 56% of iterations.
Discussion
Decisions regarding percutaneous treatment of obstructive coronary disease have become increasingly challenging for patients and physicians since the observation of delayed stent thrombosis in DES. The main risk attributable to bare-metal stenting was restenosis requiring repeat revascularization-a risk that largely ended within 1 year after stenting (41, 42) . Beyond this period, events attributable to the stent were rare (21) . In particular, in-stent thrombotic complications occurred in Ͻ1% of patients, almost exclusively within the first month after BMS implantation. By limiting neointimal hyperplasia within the stent, the current generation of DES have reduced the occurrence of clinical restenosis by 50% to 70% (2, 3) . However, there is concern that DES might be associated with increased risks of delayed stent thrombosis. In this study, we sought to quantify the degree to which current uncertainty in the rate of very late thrombotic complications after DES implantation would affect the choice of an optimal PCI strategy. Because both the absolute risk and duration of risk of stent thrombosis after DES implantation are uncertain, we used the techniques of decision analysis to define what threshold of incremental risk with DES would outweigh the benefits of reduced restenosis in clinical practice.
We found, on the basis of the best data currently available, that the DES strategy was preferred for a prototypical PCI patient under the assumption of no difference in the rates of VLST (Scenario A). Although the benefit was small in absolute terms (0.014 QALYs), this gain is plausible given the time-limited nature of the restenosis process and the absence of long-term mortality benefit associated with restenosis avoidance in most studies. This finding was confirmed to be robust with probabilistic sensitivity analysis, which allows one to consider a range of plausible probabilities rather than relying on fixed estimates alone. Nonetheless, we found that our results were highly sensitive to the absolute risk and duration of risk for VLST, leading to uncertainty in the optimal decision over a range of risk that is plausible on the basis of current data. In particular, for a prototypical patient, we found that even a small excess risk of VLST (Ͼ0.14%/year over 4 years) would be sufficient to negate any advantage of DES over BMS in terms of QALE. Furthermore, if the at-risk period extended beyond 4 years, the incremental annual risk that could be tolerated was even smaller.
Whether the true risk of very late thrombosis with existing DES exceeds this risk is uncertain at present. Restenosis risks can be predicted with reasonable precision in overall populations and according to well-understood patient and lesion-based factors, because restenosis was a frequent occurrence over the past decade of practice. In contrast, stent thrombosis risks have only recently been studied with similar rigor. Although pooled analyses of randomized trials of the 2 approved DES platforms to 4 years of follow-up have not shown significant differences in risk of thrombosis between drug-eluting and bare-metal stents, the confidence intervals of these estimates are wide, suggesting that up to a 1.4% absolute risk difference at 4 years cannot be excluded (10) . A larger network metaanalysis suggested that up to 4-fold increase in late hazard for DES cannot be excluded (12) . Currently, the best data regarding VLST rates are from the pooled analysis of the pivotal randomized trials of DES versus BMS (10, 12, 15) . In these studies, the individual point estimates range of excess risk range from 0.13% to 0.18%/year, depending on the study and definition used (Fig. 8) . Thus, the available data do not provide a definitive answer regarding the preferred stent strategy at the present time.
One should consider our results in the context of our study design. Ideally, one would base the choice between DES and BMS on large, long-term, randomized trials conducted in a population that directly reflects the general population. As in any decision analysis, we were limited by the available data. To derive results applicable to the "real world" we chose to populate our decision analytic model with absolute risks derived from observational studies and relative risks derived from randomized trials. This approach allowed us to derive unbiased estimates of relative risk while applying these to the absolute risks seen in the general Garg et al. May 13, 2008 May 13, :1844 Balancing the Risks of Restenosis and Thrombosis population undergoing PCI rather than the more selected patients who would be eligible for randomized trials. Furthermore, we addressed the inherent uncertainty in the reported data by conducting sensitivity analyses (including probabilistic sensitivity analysis) to determine the robustness of our results. In addition, we assumed a constant risk of stent thrombosis beyond the first year (11) . If the stent thrombosis risk was a declining function rather than constant, then the VLST risk threshold would be somewhat higher in the initial years. We did not explicitly model the effects of clopidogrel in this study, because of the conflicting data on the efficacy of clopidogrel in decreasing the risk of VLST. It is likely that the impact of extended dual antiplatelet therapy, as seen in large trials of patients with acute coronary syndromes, is predominantly mediated by prevention of MI outside the stent territory, because the absolute risk of progression of other atherosclerotic disease after treatment is greater than the risk of stent thrombosis. Lastly, we specifically chose not to include cost in our model, because the primary question we intended to answer was a purely clinical one: what excess risk of late stent thrombosis would be acceptable for a typical patient undergoing PCI with stents to suppress restenosis? Implications for clinical trials and new DES evaluation. Our observations suggest that it is clinically relevant to determine relatively small differences in risk of stent thrombosis. To date, the available randomized trials, even when pooled, have been underpowered to detect such differences. For example, for a randomized noninferiority comparison to detect an absolute difference in VLST rates of 0.5% or more, a sample size of Ͼ10,000 patients would be required. Furthermore, the duration of risk is an important determinant of net clinical benefit. Our analysis provides the context of what upper limit of thrombosis rate can be tolerated once follow-up data to 5 years and beyond become available.
Clearly, the ideal stent would avoid both restenosis and stent thrombosis. Our model suggests that, despite a small increase in the risk of stent thrombosis, DES might still provide a net clinical benefit to patients if the expected risk of restenosis with BMS is nontrivial and the restenosis reduction is profound. However, new stent platforms that differ in mechanism, drug, or polymer from current designs might vary in the degree of suppression of neointimal hyperplasia and separately in the risk of stent thrombosis. Our analysis suggests that, as the relative risk reduction of restenosis decreases, the tolerable excess stent thrombosis risk must also diminish to preserve the benefit of a DES strategy. That is, a DES that is less effective at preventing restenosis must be required to be very similar to or better than BMS in terms of avoidance of thrombosis for a net advantage to exist.
Conclusions
On the basis of a decision analytic model incorporating the best data currently available, we found that even a small (Ͻ1%) incremental risk of thrombosis in DES might be sufficient to outweigh the benefit of restenosis prevention and favor BMS use for the overall PCI population. To identify whether risks of restenosis can be safely reduced, evaluation of existing and new DES must be adequately powered and have sufficient length of follow-up in order to determine both the relative and absolute risks of stent thrombosis with greater certainty.
